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Abstract 

The critical threshold of 400 ppm of carbon dioxide (CO2) in the atmosphere was reached on May 2013. 
New systems to capture and store carbon dioxide are currently being developed. The storage of CO, in 
marine geological formations is one of a portfolio of different options under study to reduce current levels of 
atmospheric CO3. Storage sites well selected, monitored and managed should ensure permanent containment, 


however, it is necessary to determine the risk of leakage to the marine environment. 


The proposed integrated model for evaluate the quality of the marine environment under different leakage 
scenarios can contribute to determine the potential pathways and environmental effects of leakage of stored 
CO, to the marine environment. Moreover, this model satisfies the requirements set in the Framework and 
Guidelines of Risk Assessment and Management of the stored CO, under the seabed set by the OSPAR 
Convention and the London Protocol to protect the marine environment. Modified classical methodologies 
based on a weight-of-evidence approach are used to determine the impact of CO, leaks in the ecosystem 


quality. 
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1. Introduction 

After reaching the historical threshold of 400 ppm of atmospheric carbon dioxide (CO2) in May 2013, the 
United Nations Convention on Climate Change (UNFCCC) called for a stepped-up response across all three 
central pillars of action: action by the international community, by government at all levels, and by business 
and finance. It is time to pursue radical emission reductions as no longer low-carbon supply technologies can 
deliver the required rate of emission reductions to avoid severe climate change consequences. According the 
International Energy Agency (IEA, 2010) carbon dioxide capture and storage (CCS) can contribute to reduce 


current CO, emissions to the atmosphere about 19%. 


Therefore new systems of CCS as the storage of CO, in marine geological formations are being developed. 
Currently, there are several ongoing projects worldwide and there is a general scientific agreement on the 
economic and environmental viability of those projects. Well selected, monitored and managed sites are 
expected to have permanent containment, however, the risk of leakage should be determined and evaluated. 
According with the IPPC (2005) the vast majority of the stored CO, (99%) is very likely" to be retained over 


100 years and the fraction retained is likely” to exceed 99% over 1,000 years. 


The consequences of potential CO, leakages from geological storage sites into surface sediments and their 
effects on the ecosystems need to be understood and assessed. Trace metals and organic contaminants, most 
of which are hardly biodegradable and affect human and animal health, could be released from contaminated 
sediments due to seawater acidification. The assessment of the bioavailability of these substances is crucial 
for environmental and human health and it is critical to understand the ecological risks of this technology for 


the marine environment. 


In this sense, the 1996 London Protocol to the 1972 Convention on the Prevention of Marine Pollution by 
Dumping of Wastes and Other Matter and the 1992 OSPAR Convention for the Protection of the Marine 
Environment of the North-East Atlantic have been amended to allow the storage of CO, in sub-seabed 
geological formations (in 2006 and 2007 respectively). Moreover, these Conventions have developed 
comprehensive Guidelines and Frameworks for Risk Assessment and Management of CCS in geological 


formations under the seabed to ensure that this activity does not lead to significant adverse consequences for 


' The expression ‘very likely’ used in this statement indicates a probability between 90-99% (IPCC 2005). 
? The expression ‘likely’ indicates a probability between 66-90% (IPCC 2005). 
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the marine environment, human health or other legitimate uses of the sea (OSPAR Convention 2007, London 
Convention and Protocol 2006 and London Protocol 2007). In 2009 a Directive of the European Parliament 
and of the Council on the geological storage of carbon dioxide entered into force. This Directive also tries to 
adequately regulate CCS in geological formations to guarantee that CO, storage is a real emissions reduction 


option, and that is done safely and responsibly (Directive 2009/31/EC). 


The fourth report of the International Panel on Climate Change (IPCC 2007) stresses that there is limited 
experience of the processes of monitoring, verification and estimation of the rates of leakages and other 
uncertainties associated with the storage of CO2. Nowadays, there is a wide range of different monitoring 
systems; however, none of the existing regulations specifies which monitoring systems should be used, their 
frequency or their precision. Due to the complexity of the marine systems, it is necessary to understand the 
behavior of the environment, species and ecosystems when they are exposed to the CO, and the incidental 
associated substances derived from the source material and the capture, transport and storage processes used 
(OSPAR Convention 2007, London Protocol 2008). There are referenced studies that have used the 
integration of different lines of evidence as an effective integrated methodology to identify and quantify the 
degree of pollution in marine areas and evaluate the effects of the pollutants presents on the local 
environment (Matthiessen et al. 1998; Thompson et al. 1999; Martin-Diaz et al. 2005; Riba et al. 2006; 
Morales-Caselles et al. 2007). According to DelValls et al. 1998 a and b, the application of an integrated 
method based on weight of evidence approach could be more effective and capable to detect potential minor 


and diffuse leaks of CO, and evaluate their effect in the environment. 


The application of this integrated method can provide useful information on the behavior and consequences 
of leakage of CO, and the incidental associated substances present in the stream in the marine surrounding 
environment in the short and long term (DelValls 2007). The ability to detect leakage is critical for public 
acceptance of this measure. If the monitoring plans of CCS projects can ensure the detection of early stage 
leaks, measures can be taken for the protection of the human health and the marine environment. Moreover, 
early detection also contributes to the evaluation of the efficiency of geological storage as a system of 


reduction of CO, levels in the atmosphere. 
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The main objective of this work is to summarize the main requirements set on the Risk Assessment and 
Management of stored CO, in sub-seabed geological formations developed by the OSPAR Convention and 
the London Protocol and the importance of the application of an integrated method to fulfill those 


requirements. 


2. International requirements for the protection of the marine environment 

One of the main requirements set by the OSPAR Convention, the London Protocol and also the EC Directive 
on CCS is to perform an iterative risk assessment and management of the stored CO, in sub-seabed 
geological formations in all the stages of CCS projects. Those stages include planning of the CCS project, 
construction, operation, site-closure, and post-closure of the CCS project. The environmental risk assessment 
and management framework proposed includes the iterative application of the following six steps: 1. 
Problem Formulation, 2. Site selection and Characterization, 3. Exposure Assessment, 4. Effects 
Assessment, 5. Risk Characterization, and 6. Risk Management (including Monitoring and Mitigation plans). 
Those steps are formulated to be able to select and manage secure geological formations and to indentify 
potential hazards to the environment, estimate their probability of occurring and assess their effects on 


marine ecosystems. 


The problem formulation step is designed to limit the area and scope of the activity. The site selection and 
characterization is considered one of the critical steps of the risk assessment frameworks, a proper site 
selection should be able to assess how much CO, can be stored at a site, assure permanent containment and 
establish a base line for the management and the monitoring of the site. The exposure assessment consists in 
determining the potential exposure processes and pathways and their likelihood and scale of exposure. The 
effects assessment should be able to demonstrate that, in the event of leakage, CO, storage does not lead to 
significant consequences for the marine environment and human health, it should also be able to evaluate the 
sensibility of species and ecosystems in the area in the event of leakage and the degree of impact that a 


leakage may cause. 
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The risk management step should demonstrate how an event of leakage could be managed in order maximize 
the intended isolation and to prevent major adverse consequences, and in the event of leakage, to minimize 


the impacts. The risk management step includes the monitoring and mitigation plan. 


In terms of the monitoring plan is set as mandatory in all the phases of the CCS projects, however, it is 
expected that the intensity will decrease with time if the behavior of the stored CO, is as expected. In the EC 
CCS Directive monitoring requirements are specified under Article 13 and include the injection facilities, the 
storage complex, where possible the CO) plume, and the surrounding environment. However, in any of those 
regulations there are no references about the monitoring technology that should be used, the frequency or the 


resolution that they should have. 


It is recognized within the frameworks that the CCS projects involve uncertainties, mainly due to the long 
periods of time involved, therefore, it is required to include the analysis of uncertainties assumptions and 


qualifiers as part of the risk assessment. 


There are two main scenarios expected in the case of leakage: large rapid leakage event with a sudden 
substantial amount of CO, released in a short period of time or small diffuse leaks of CO, over large periods 
of time. In Figure 1 there is a scheme of the risk management cycle of quick-onset disaster that can be 
applied to large rapid leakage events. Nevertheless, the probability of leakage is very low (IPCC, 2005) for 
well selected, managed and monitored sites. It is important to note out that after the recovery stage the 


community is able to build back better. 


3. Modified integrated method for risk assessment and management 


In most of the guides of risk assessment and management of carbon dioxide storage in sub-seabed geological 
formations developed by the international conventions it is recommend to use integrated approaches based 
on a weight-of-evidence integration of the different tools used to monitor the environment and the behavior 
of the stored CO, in the areas selected. In the Figure 2 there is an scheme of the different steps of the carbon 
dioxide capture and storage in geological formations under the seabed and the different steps of the risk 


assessment in the event of leakage applying the integrated method. The integrated method presented here 
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integrates different lines of the evidence (LOEs) of the sediment quality. This method includes the use and 
selection of the different LOEs that have been previously used successfully to detect different pollutants in 
the sediment in different case studies. In the case of carbon dioxide and storage, leakage of CO, can be 
detected by this method, but also the increase in the mobility of metals due to the seawater acidification. In 
this sense, different lines of evidence such as acidification, contamination of sediments, speciation of metals, 


bioaccumulation of metals, toxicity, etc. can be some of the LOEs selected and implemented for this method. 


It is important to aknowledge that the most of the biological diversity of the oceans consist on invertebrates 
that live in or on marine sediments (Snelgrove, 1999). Therefore, benthic species represent the 98% of all the 
marine species and harbors members of all except one of the 29 non-symbiont animal phyla described up to 
date (Widdicombe and Spicer 2008). Benthic ecosystems have complex interactions between the physical 
and environmental conditions (pH, Temperature, granulometry, etc.) and the biological interactions among 
the marine organisms (predation, competition, etc.) (May, 1994). Changes on the physical characteristics of 


those environments probably modify the species composition and therefore, their biological interactions. 


The integrated method applies a weight-of-evidence approach (WOE) to evaluate the quality of the 
sediments and the benthic ecosystems. The WOE characterizes the sediments physicochemically and 
ecotoxicologically, detects of biomarkers of contamination, determines the bioavailability of contaminants in 
laboratory and field conditions and determines the potential biomagnification processes of the environment, 
see Figure 2 (DelValls 2007). The WOE allows monitoring the seafloor, ecosystems and overlaying water to 
detect and measure possible leakages of CO, (and incidental associated substances present in the stored 
stream) into the marine environment and evaluate the degree of impact. This method can give a baseline of 
the environmental quality of the sediment and benthic ecosystems but also can evaluate the effect of small 
and large leakages in the short and long term and the degree of contamination originated by leakage 


(DelValls 2007). 


Leakage of CO, from the storage formation to the above sediment and the water column will acidify the 
environment (lowering of the pH). The effects of CO, leakage on the marine environment depend on the 
amount and/or rate and composition of the leaked CO,, the buffering capacity of the environment and the 


transport and dispersion processes of the area affected and the sensitivity of the ecosystems. Low pH 
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environment might increase the toxic effects of the contaminants and even might make them more 
bioavailable (Riba et al. 2003a and 2004). Moreover, the effects of the incidental associated substances and 
the substances mobilized by the injection and storage of CO, streams (e.g. brine) might enhance toxicity in 


the environment. 


The integrated method combines the data of the baseline scenario (previous the injection and storage of CO2) 
with the data of regular monitoring of the sediment and the benthos. The integration of the results is done by 
statistical analysis (ANOVA) and multivariate analysis (MAA) or by neural network analysis (NNA) to be 
able to detect complex relationships in sediments (DelValls 1998 a, b). This kind of analysis allows to 
quantify the environmental quality of the sediments and ecosystems and to determine the mobility of key 


contaminants through the food chain (bioaccumulation and biomagnifications). 


In addition, the integrated method can give Sediment Quality Values (SQGs) by linking data on 
contamination, toxicity and field effects. Furthermore, the method can also give Tissue Quality Values 
(TOGs) by linking the body stressors and sublethal effects using biomarkers of exposure and effects in the 
tissue of different organisms. The results can provide useful information for the characterization of the 
sediment quality after a leakage event and its relationship with the ecosystem health and the marine 


ecosystems. 


The different lines of evidence (LOEs) to be used into the weight-of-evidence approach for monitoring the 


surroundings of a CO, storage site proposed are the following: 


3.1 Evaluation of the sediments and benthos quality of the seabed above the storage site. 


In order to characterize the sediments above the carbon dioxide storage formation sediments should be 
sampled in different points. Different methodologies should be used to sample the sediments (Van veen grab, 
box corer, sediment cores, benthic chambers) and to characterize them. Different variables should be 
measured in sediment and interstitial water: benthos composition and abundance, porosity, granulometry, 


gradients of pH, redox potential, concentration of inorganic carbon, metals, nutrients, benthic fluxes of 
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inorganic carbon due to organic matter mineralization and pH variation and other relevant substances (e.g. 


incidental associated substances to the CO, stream). 


A throughout characterisation of the sediment and benthos can provide some insight to the potential effects 
of acidification of the environment due to CO, leakage and the future bioavailability of contaminants due to 


the pH reduction. 


3.2. Evaluation of the sediments under CO, leakage scenarios. 


Sediment samples of the surroundings of the CO, storage site should be used and different leakage scenarios 
tested. A relative complex laboratory set up is required (see Figure 4) where CO, input can accurately be 
measured and pH controlled. Measurements of the variations of fluxes of metals and other contaminants in 
relation with the amount of CO, streams released, and the evolution of pH and inorganic carbon 


concentration in the water could give some idea of what to expect in natural conditions. 


These experiments are very valuable inputs of the risk assessment and management as can give information 
on the behavior and the potential effects of the contaminants in an acidic environment and any synergies that 


might occur. 


3.3. Effects assessment of the marine ecosystems 


Bioassays are key to understand the effects of different leakage scenarios on marine ecosystems. Both acute 
and chronic effects must be evaluated in order to determine the level of impact of the potential leakage 


scenarios with the particularities of each case study. 


The degree of toxicity of the sediments of the surroundings of the CO, storage sites can be evaluated by in 
situ and in laboratory bioassays. These bioassays are needed to determine and quantify the exposure 
pathways of the contaminants and their negative effects by measuring different adverse biological effects 
(mortality, reproduction, biomarkers of effect, etc.). Different kind and degree of impacts are expected; direct 


impacts to organisms are those that effect their physiology, acid-base balance, induction of homeostatic and 
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adaptative mechanisms; indirect impacts are related to changes in the benthic food webs and predator 


relationships. In addition, low pH conditions heavy metals become more bioavailable. 


Different laboratory experiments have been performed trying to mimic different leakage scenarios with 


different organisms. The great diversity among experiments makes difficult to compare results among them. 


It is important to remark that recent studies have shown that exposure to CO, might also effect to mobile 
benthic organisms. Baumann et al. (2012) found out that embryos of silversides fish Menidia beryllina 
exposed to 1000 patm CO, during one week after hatch reduced both larval survival by 74% and the overall 
length of the survivors by 18%. In addition, Frommel et al. (2012) found out that the Atlantic cod Gadus 
Morua larvae exposed to over 4000 atm for two months presented decoupled development of organs and 


lethal tissue damage in liver, pancreas, kidney, eye and gut. 


Whiteley (2011) has reviewed the effects of CO, on crustaceans and found out that larval stages of many 
crustaceans were quite resistant to high pCO, exposure (planktonic zoeae and juveniles of the lobster 
Homarus gammarus), but adult shrimp and prawns (Palaemon pacificus, Penaeus occidentalis and Penaeus 


mondon) exposed to low pH had reduced growth rates. 


Bivalves present a high variability in responses to elevated CO, exposure at population and species level. 
While some species of mussel (Mytilus edulis) are sensible to CO, exposure (Gazeau et al. 2007) others 


(Bathymodiolus brevior) are adapted to chronically acidified enviroments (Tunnicliffe et al. 2009). 


In relation to increase bioavailability of metals at low pH conditions, long term experiments have been 
performed at the NIVA marine research station Solbergstrand in Norway. Three different species of benthic 
organisms have been used: heart urchin (Brissopsis lyrifera), ragworm (Nereis virens) and blue mussel 
(Mytilus edulis). Effects on rapid trascriptomic changes, long term bioaccumulation of metals, and chronic 
physiological effects measured by neutral red retention, respiration, cellular energy allocation and histology 
were measured. The heart urchin was the most sensitive specie to increasing levels of CO, but all showed a 
trend of a higher mortality rate when exposed to the heavy metal containing sediment and increasing CO, 


levels (ECO2 Briefing paper No.2). 
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Currently, there are no CO, leakages in the current ongoing CCS projects. In order to obtain some in situ 
data to include in the integrated method two options can be considered: a) Perform a in situ experiment 
where CO, is released (Adams et al. 2006, Brewer et al. 2006, QICS); b) Study and perform experiments in 
analogs where CO, is released naturally in the marine environment (Benson et al. 2002, Summers et al. 


2004). 


a) In situ experiments: 

In relation to in situ experiments, there is a very unique experiment under the seafloor in the North Sea 
(Scotland, UK) called the Quantifying and Monitoring Potential Ecosystem Impacts of Geological Carbon 
Storage (QICS) experiment (www.eco2-project.eu). In this experiment a total of 4.2 tons of CO, were 
released during 37 days. The marine environment was carefully monitored before, during and after the 
leakage event to evaluate the impacts and the recovery processes. The results of the experiment will be soon 


available for the scientific community. 


b) Natural analogs 

There are several natural analogs that have been studied to better understand the leakage consequences for 
the marine environment. Nowadays, in the European funded project ECO2-project, two main natural analogs 
that are being studied. One is the seabed of Panarea Island (South of Italy) where natura CO, seepage occurs 
due to the influence of the active volcano Stromboli (Aliani et al., 2010; Caramanna et al., 2011). In this area 
of study, clear differences were found with background sites free of seepages, some organisms tried to avoid 
low pH environments while others were well adapted. Currently, experiments are being performed in which 
transplanted background sediment is placed in the seepage areas. The results of these experiments will help 
to understand the effects on structuring and dispersal of bacteria and meiofauna under CO, leakage 
scenarios. Another one is in the deep sedimentary valley with active hydrothermal vents at Yonaguni Knoll 
(Southern Okinawa, Japan). Studies have revealed a correlation with loss of faunal biomass and diversity 


with increasing CO, and reducing pH. 
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3.4. Risk Assessment and Management of CO, stored in geological formations under the seabed. 


The combination of all the information gathered from the LOEs described above will allow to evaluate the 
ecosystem present and the sediment quality and to establish and derive Sediment Quality Guidelines (SQGs) 
in an iterative manner in the different stages of the CCS projects. The SQGs are defined as the concentration 
of chemicals in sediments that produce an adverse effect in organisms exposed to them and can estimate the 
probability of toxicity and to determine the potential biological effects (Martin-Diaz 2008) in the case of 
leakage. Some examples of SQGs has been reported previously (DelValls & Chapman 1998b; Riba et al. 
2003b; DelValls 2007). The SQGs provide environmental quality criteria that allow a rapid and reliable 
identification of risk associated with CO, leakage. Therefore, they can help to determine the need and the 


success of mitigation or remediation measures in the event of leakage. 


4. Conclusions 


Although more studies are needed to better understand the risk of leakage of the CO, storage sites and the 
behavior of the marine environment under a leakage scenario. This work provides a key methodology that 
has the capacity to integrate all the information required for a complete risk assessment and management 
program and that complies with the requirements set in the guidelines of risk assessment and management of 
CO, stored in sub-seabe geological formations elaborated by the OSPAR Convention and the London 
Protocol. This method evaluates, not only the acidification of the marine environment produced by the CO, 
leakage but the mobility of contaminants and their potential bioavailability on the biota, which are important 
variables that compose the risk assessment and management of potential CO, leakages in sub-seabed storage 


sites. 


The efficiency and security of CO, storage in sub-seabed geological formations can only be determined by a 
throughout monitoring program. The integrated method is designed to be able to detect leaks and their effects 
on the surrounding environment and also can provide useful information when remediation and mitigation 
procedures are applied. Therefore it can be an important tool to be applied in CCS projects in geological 


formations under the seabed. 





UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Página 12 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





Acknowledgements 


This work was supported with the financial help of the Spanish Ministry of Environment, Projects CTM 
2011-28437-C02-01 and CTM2012-36476-C02-01. Diana F. Reguera was funded by the Erasmus Mundus 
fellowship. Rocío Antón was funded by post-doc scholarship linked to Programa Ciéncias sem Fronteiras 


(MEC/MCTICAPES/CNPq/FAPs) — Project n° 126/2012. 


UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Página 13 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





References 
Aliani, S., Bortoluzzi, G., Caramanna, G., and Raffa, F. (2010) Seawater dynamics and environmental 
settings after November 2002 gas eruption off Bottaro (Panarea, Aeolian Islands, Mediterranean Sea). Cont. 


Shelf Res. 30: 1338-1348. 


Adams EE, Chow AC, Brewer PG, Peltzer ET, Walz P, Tsouris C, McCallum SD, Szymcek P, Summers JS, 
Bergman P and Johnson K (2006). Direct injection of CO, hydrate composite particles for ocean carbon 
storage: Field experiments and plume modeling. From proceedings of the Greenhouse Gas Control 


Technologies Conference, Trondheim, Norway. 


Baumann, H., Talmage, S. C. and Gobler, C. J. (2012). Reduced early life growth and survival in a fish in 


direct response to increased carbon dioxide. Nature Climate Change 2, 38-41. 


Benson SM, Hepple R, Apps J, Tsang CF and Lippmann M (2002). Lessons Learned from Natural and 
Industrial Analogues for Storage of Carbon Dioxide in Deep Geological Formations, Report No. LBNL- 


51170, Berkeley, E.O. Lawrence Berkeley National Laboratories, Berkeley, California. 


Benson SM (2006). Monitoring Carbon Dioxide Sequestration in Deep Geological Formations for Inventory 


Verification and Carbon Credits. Soc Petrol Eng SPE 102833: 1-14. 


Brewer PG, Chen B, Warzinki R, Baggeroer A, Peltzer ET, Dunk RM and Walz P (2006) Three-dimensional 
acoustic monitoring and modeling of a deep-sea CO, droplet cloud. Geophys Res Let, VOL. 33, L23607, 


doi:10.1029/2006 


Caramanna, G., Voltattorni, N., and Maroto-Valer, M.M. (2011) Is Panarea Island (Italy) a valid and cost- 
effective natural laboratory for the development of detection and monitoring techniques for submarine CO2 


seepage? Greenhouse Gas. Sci. Technol. 1: 200-210 


DelValls TA, Forja JM, González-Mazo E and Gómez-Parra A (1998a). Determining contamination sources 


in marine sediments using multivariate analysis. Trends Ana Chem 17: 181-192 





UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Página 14 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





DelValls TA and Chapman PM (1998b). Site-specific sediment quality values for the Gulf of Cádiz (Spain) 
and San Francisco Bay (USA), using the sediment quality triad and multivariate analysis. Cienc Mar 24, 


3313-3336. 


DelValls TA (2007). Diseño y aplicación de modelos integrados de evaluación de la contaminación y sus 
efectos sobre los sistemas marinos y litorales y la salud humana. Ministerio de la Presidencia. Centro para la 


Prevención y Lucha contra la Contaminación Marítima y Litoral (CEPRECO). Serie Investigación, Madrid. 


EU Directive CCS (2008). Proposal for a Directive of the European Parliament and the Council on the 
geological storage of carbon dioxide and amending Council Directives 85/337/EEC, 96/61/EC, Directives 


2000/60/EC, 2001/80/EC, 2004/35/EC, 2006/12/EC and Regulation (EC) No 1013/2006. 


F. Reguera D, DelValls TA and Forja JM (2008). Carbon dioxide storage in marine geological formations. 
Risk assessment and management requirements in the international conventions on the protection of the 
marine environment. From the proceedings of the 7° Congresso Ibérico e 4” Iberoamericano de 


Contaminagáo e Toxicologia Ambiental (CICTA 2008). Lisboa, Portugal. 


Frommel, A. Y., Maneja, R., Lowe, D., Malzahn, A. M., Geffen, A. J., Folkvord, A., Piatkowski, U., Reusch, 
T. B. H. and Clemmesen, C. (2012). Severe tissue damage in Atlantic cod larvae under increasing ocean 


acidification. Nature Climate Change 2, 42-46. 


Gazeau, F., Quiblier, C., Jansen, J. M., Gattuso, J. P., Middelburg, J. J. and Heip, C. H. R. (2007). Impact of 


elevated CO2 on shellfish calcification. Geophysical Research Letters 34. 


IEA 2010. Energy and Technology Perspectives (ETP) of the International Energy Agency. Scenarios and 


Strategies to 2050. 


UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” 


Página 15 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





IPCC (2005). Special Report on Carbon Dioxide Capture and Storage. Prepared by working group III of the 
United Nations Intergovernmental Panel on Climate Change (IPCC) [Bert Metz, Ogunlade Davison, Heleen 


de Coninck, Manuela Loos and Leo Meyer (eds.)]. Cambridge University Press, Cambridge, UK, pp 431. 


IPCC (2007). Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fourth Assessment Report of the United Nations Intergovernmental Panel on Climate Change [Core Writing 


Team, Pachauri,R.K. and Reisinger, A. (eds.)]. IPCC, Geneva, Switzerland, 104 pp. 


Klusman R (2003) Evaluation of leakage potential from a CO2 EOR / Sequestration project. En Conv 


Manag. 44 (12) 1921-1940. 


London Convention and Protocol (2006). Risk Assessment and Management Framework for CO, 
Sequestration in Sub-Seabed Geological Formations. London Convention on the prevention of Marine 


Pollution by Dumping of Wastes and Other Matter 1972 and 1996 Protocol Thereto. 


London Protocol (2007). Specific Guidelines for the Assessment of Carbon Dioxide Streams for Disposal 
into Sub-seabed Geological Formations. 1996 London Protocol on the prevention of Marine Pollution by 


Dumping of Wastes and Other Matter. 


Martin-Diaz ML, Villena-Lincoln A, Lamber S, Blasco J and DelValls TA (2005). An integrated approach 
using bioaccumulation and biomarker measurements in female shore crab, Carcinus maenas. Chemosphere 


58: 615-626 


Martin-Diaz ML, Jiménez-Tenorio N, Sales D and DelValls TA (2008) Accumulation and histopathological 
damage in the clam Ruditapes philippinarum and the crab Carcinus maenas to assess sediment toxicity in 


Spanish ports. Chemosphere 71: 1916-1927 


Martín-Torre, M.C.; Payán M.C.; Galan, B.; Coz, A.; Riba, I; F. Reguera, D.; del Valls, T.A. and Viguri, J.R. 
(2013). Risk assessment of sediment-seawater acidification due to potential CO, leakages from CCS 


systems. In press. 





UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Pagina 16 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





Matthiessen P, Bifield S, Jarrett F, Kirby MF, Law RJ, McMinn WR , Sheahan DA, Thain JE and Whale GF 
(1998). An assessment of sediment toxicity in the River Tyne Estuary, UK by means of bioassays. Mar 


Environ Res 45 (I): 1-15 


May, R.M. (1994). Biological diversity: differences between land and sea. Philos. Trans. Roy. Soc. 343, 


105-111. 


Morales-Caselles C, Riba I, Sarasquete C and DelValls TA (2007) Using a classical weight-of-evidence 
approach for 4-years monitoring of the impact of an accidental oil spill on sediment quality. Environ Int, 34 


(4) : 514-523 


OSPAR Convention (2005). The Royal Society of the United Kingdom. Ocean acidification due to 
increasing atmospheric carbon dioxide. The Royal Policy Document 2005. OSPAR Convention for the 


Protection of the Marine Environment of the North-East Atlantic. 


OSPAR Convention (2007). Guidelines for Risk Assessment and Management of Storage of Carbon Dioxide 
Streams in Sub-seabed Geological Formations. OSPAR Convention for the Protection of the Marine 


Environment of the North-East Atlantic. 


Riba I, Garcia-Luque E, Blasco J and DelValls TA (2003a). Bioavailability of heavy metals bound to 


estuarine sediments as a function of pH and salinity values. Chem Spec Bioav15 (4) 101- 114 


Riba L Zitko V, Forja JM and DelValls TA (2003b). Deriving sediment quality guidelines in the 
Guadalquivir estuary associated with the Aznalcóllar mining spill: A comparison of different approaches. 


Cienc Mar 29 (3) : 261-274 


Riba I, DelValls TA, Forja JM and Gómez-Parra A (2004). The influence of pH and salinity on the toxicity 
of heavy metals in sediment to the estuarine clam Ruditapes philippinarum. Environ Tox Chem, 23 (5) : 


1100-1107 





UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Pagina 17 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





Riba I, DelValls TA, Reynoldson TB and Milani D (2006). Sediment quality in Rio Guadiamar (SW, Spain) 


after a tailing dam collapse: Contamination, toxicity and bioavailability. Environ Int 32: 891-900 


Snelgrove, P.V.R., 1999. Getting to the Bottom of Marine Biodiversity: Sedimentary Habitats. BioScience 


49, 129-138. 


Summers J, Smith C, Vetter E, Bergman P, Adams E and Akai M (2004). Results of international field 
experiment on a natural CO2 analogue. From the proceedings of the Seventh International Conference on 


Greenhouse Gas Control Technologies, Vancouver, Canada. 


Thompson B, Anderson B, Hunt J, Taberski K and Phillips B (1999). Relationships between sediment 


contamination and toxicity in San Francisco Bay. Mar Environ Res 48: 285-309 


Tunnicliffe, V., Davies, K. T. A., Butterfield, D. A., Embley, R. W., Rose, J. M. and Chadwick, W. W. 
(2009). Survival of mussels in extremely acidic waters on a submarine volcano. Nature Geoscience 2, 344- 


348. 


Widdicombe, J.; Spicer J.I. 2008. Predicting the impact of ocean acidification on benthic biodiversity: What 


can animal physiology tell us? Journal of Experimental Marine Biology and Ecology 366, 187-197. 


Wilson M and Monea M (2004). Weyburn CO, monitoring and storage project summary report 2000-2004. 
From the proceedings of the 7th international conference on green house gas control technologies. IEA 


GHG. Vancouver, Canada. 


Whiteley, N. M. (2011). Physiological and ecological responses of crustaceans to ocean acidification. Marine 


Ecology Progress Series 430, 257-271. 


UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Pagina 18 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 


UNISANTA BioScience Vol. 2 n° 1 (2013) — “Invited paper” Página 19 


Reguera, D.F.; Antón, R; Riba, |.; DelValls, T. A. ISSN 2317-1111 





The disaster risk management cycle? 
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Figure 1. Risk management cycle of a quick-onset disaster. 
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Figure 2. Framework of the geological sequestration technologies risk assessment and management (Martin- 


Torre et al. 2013). 
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Figure 3. Integrated method adapted for the monitoring of CO, storage projects (from DelValls 2007) 
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Figure 4. Laboratory set up to study the effects of CO, leakage. Description of the figure: computer (1), 
electronic pH control (2), USB and other connections (3), pH electrodes (4), solenoid valve (5), aquarium 


(6), automatic CO, valve control (7), CO, tanks (8) and hose connected to the solenoid valve (9). 
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